The ability to temporarily maintain relevant information in mind in the presence of interference or distracting information, also called working memory (WM), is critical for higher cognitive functions and cognitive development. In typically developing (TD) children, WM is underpinned by a fronto-parietal network of interacting left and right brain regions. Developmental absence (agenesis) of the corpus callosum (AgCC) is a congenital brain malformation resulting from disruption of corpus callosum formation. This study aims to investigate functional organisation of WM in children and adolescents with AgCC using functional magnetic resonance imaging (fMRI). Nine children with AgCC and a comparison group of sixteen TD children aged 8-17 years completed an fMRI WM paradigm designed to enable investigation of different WM processes, i.e., encoding, maintenance and retrieval. We found that AgCC children recruited globally similar brain regions as the TD comparison group during the WM task, despite significant disparity in brain development, i.e., bilateral occipitofrontal activations during verbal encoding, and bilateral fronto-parietal executive control network during retrieval. However, compared to their TD peers, children with AgCC seemed less able to engage lateralised brain systems specialised for particular memory material (i.e. less supramarginal activations for verbal material and less fusiform activations for face processing) and particular memory process (i.e. absence of right-predominant activations during retrieval). Group differences in the pattern of activation might also reflect different cognitive strategies to cope with competition in processing resources with different susceptibility to concurrent tasks (verbal vs visual), such as differential recruitment of associative visual areas and executive prefrontal regions in the AgCC compared with the TD group depending on the concurrent task completed during maintenance. This study provides a first step towards a better understanding of functional brain networks underlying higher cognitive functions in children with AgCC.
Introduction
The corpus callosum (CC) is the largest cerebral commissure in the brain and a major white matter pathway that connects homologous structures between both halves of the central nervous system (Paul et al., 2007; Raybaud, 2010) . In typical development, this bundle of fibres is a major conduit that transfers information between the two hemispheres, and also contributes to the integration of information across hemispheres for various cognitive and sensorimotor tasks (Bloom and Hynd, 2005; Chiarello, 1980) . Developmental absence, or agenesis, of the CC (AgCC) is a congenital brain malformation that results in the complete or partial failure of callosal fibres to form connections between cortical areas of the two hemispheres (dos Santos et al., 2002) . Diagnosis of AgCC can be made prenatally or postnatally based on characteristic neuroimaging changes using ultrasound, computerised tomography (postnatally) or magnetic resonance imaging (MRI), including fetal MRI (Tang et al., 2009 ). Improvements in neuroimaging techniques, such as higher field strength for MRI, its growing use in paediatric populations as well as the growing use of routine prenatal ultrasound have resulted in increased rates in the detection of patients with AgCC (Moutard et al., 2003; Pisani et al., 2006) . In the general population, its estimated prevalence is~1-7 in 4000 live births (Glass et al., 2008; Wang et al., 2004) . AgCC can be complete, with interruption of callosal development occurring at early stage in embryological development before 6 gestational weeks (Edwards et al., 2014) , or partial, with disruption occurring slightly later in gestation (Huang et al., 2009; Paul, 2011; Richards et al., 2004) . It may present as an isolated condition with other common secondary effects including colpocephaly, Probst bundles and cingulate gyrus absence (Booth et al., 2011) . It may also be associated with other brain malformations including hydrocephalus, grey matter heterotopia, holoprosencephaly, interhemispheric cysts, gyral abnormalities (Bedeschi et al., 2006) , and neurological sequelea such as epilepsy, macro or microcephaly, hearing and vision impairments (Moes et al., 2009) . The causes are heterogeneous, however, genetic conditions including singlegene and chromosomal abnormalities are reported (Edwards et al., 2014) . Consistent with the variability in presentation and aetiology of this brain malformation, previous studies have reported cognitive abilities ranging from "normal", with children attending mainstream school and adults having a conventional career (Caillé et al., 1999) , to severe cognitive difficulties, with individuals attending special developmental school and requiring assistance in daily living activities (Graham et al., 2003 (Graham et al., , 2008 . In a systematic review of neuropsychological functioning in AgCC (n = 110 patients), mean intellectual functioning was described to be in the low average range for adults (IQ: Mean = 88.2, SD = 15.18, n = 41) and in the borderline range for children (IQ: Mean = 76.4, SD = 30.12, n = 48; Siffredi et al., 2013) . Therefore, studying this brain malformation has been a challenge as the heterogeneity is inherent to this clinical population. In contrast to splitbrain patients (acquired destruction of the CC), individuals with AgCC show very little, if any, evidence of interhemispheric disconnection, and do not present with the typical disconnection deficits (Jea et al., 2008; Lassonde and Jeeves, 1994; Siffredi et al., 2013; Vuilleumier, 2001 ). This suggests that brain organisation and functions are capable of major plasticity, and determine long-term neurodevelopmental outcomes (Anderson et al., 2011) .
In children and adolescents, working memory (WM) is a fundamental cognitive system that involves actively storing and manipulating information over brief periods of time (Baddeley, 1986) and relies on distributed brain networks across the two hemispheres. WM is considered a building block for the development of other higher cognitive functions, such as reasoning, language, social cognition and academic performance (e.g., Alloway et al., 2004; Barrouillet et al., 2008; Gathercole et al., 2004) . WM capacity, as measured by the amount of information that can be retained and transformed in complex memory span tasks, develops dramatically across childhood and adolescence (Klingberg et al., 2002) . In typically developing (TD) children and adolescents, a core bilateral fronto-parietal network is known to underpin verbal and visuo-spatial WM (e.g., Kwon et al., 2002; O'Hare et al., 2008; Spencer-Smith et al., 2013; van den Bosch et al., 2014) . Intrahemispheric as well as interhemispheric connectivity, mostly supported by the CC, is likely to play a crucial role in WM processes by promoting efficient functional integration between brain areas (Hillary et al., 2011; Koshino et al., 2005; Schlösser et al., 2006) . Indeed, in typically developing children, a significant correlation between visual WM performance and development of white matter in the anterior corpus callosum has been described (Nagy et al., 2004) . In brain-injured children, microstructural integrity of the CC has been associated with variance in verbal and visuospatial WM capacity (Treble et al., 2013) . As a consequence, in AgCC a disruption of normal functional connectivity between the two hemispheres would be expected to impact on WM processes (Quigley et al., 2001 ). However, WM and concomitant interhemispheric interactions have not previously been studied in AgCC individuals. To our knowledge, two case studies have been published examining WM abilities in AgCC, both adults. However, results are contradictory, with impaired performance on a 2-back task in one case (Simon et al., 2008) , and average performance on auditory-verbal and visual WM tasks in the second case (Reddy et al., 2010) . In addition, Sauerwein and Lassonde (1994) reported working memory performance below the average range but not significantly different from the control group in 9 individuals with AgCC from 10 to 29 year-old.
Our study aimed to investigate the functional organisation of WM in children and adolescents with AgCC compared with TD children using fMRI. We designed an fMRI WM paradigm developmentally appropriate for participants across a wide age range and with different WM capacities . Specifically, our paradigm was adapted from the Brown-Peterson task (Brown, 1958; Peterson and Peterson, 1959) , which allows us to: 1) explore brain systems recruited by different verbal WM processes: encoding, maintenance and retrieval; and 2) investigate the effect of different concurrent tasks (verbal and visual) during maintenance and retrieval. As hemispheric lateralisation of verbal versus visual processing and communication between hemispheres might differ in the context of AgCC, we expect that brain networks in AgCC children will show different patterns of activation compared with TD children during the fMRI WM paradigm.
Materials and methods

Participants
Nine participants with AgCC diagnosed on MRI were recruited from clinics and radiology records at The Royal Children's Hospital in Melbourne, Australia, as part of the "Paediatric Agenesis of the Corpus Callosum Study" at the Murdoch Children's Research Institute. Individuals with a diagnosis of AgCC confirmed on MRI were aged 9-17 years at assessment. In addition to a diagnosis of AgCC on MRI. Further inclusion criteria were: English speaking, and ability to engage in the assessment. A comparison group of 16 typically developing (TD) children and adolescents was recruited through advertisement in local schools and through staff at The Royal Children's Hospital. TD participants were aged 8-16 years at assessment, English speaking, with no documented history of a brain lesion, neurological disability or neurodevelopmental disorders. Participants from the AgCC and TD groups had normal or corrected-to normal vision and hearing.
Descriptive measures
Verbal working memory capacity was estimated using the standard scores of the Digit Span Backward subtest from the Wechsler Intelligence Scale for Children 4th edition (WISC-IV; Wechsler, 2003) and from the Wechsler Adult Intelligence Scale 4th edition for the 17 year-old participant (WAIS-IV; Wechsler, 2010; M = 10, SD = 3). Participants listened to a sequence of digits, which they were required to repeat in the reverse order. Full-Scale Intelligence Quotient (IQ) was estimated using the 4-subtests version of the Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999) . Handedness was estimated using the Edinburgh Handedness Inventory (EHI), a ten-item self-report questionnaire assessing preferred hand for daily life activities (Oldfield, 1971) .
Neuroimaging
Image Acquisition
MRI was performed on a Siemens 3T MAGNETOM Trio scanner (Siemens, Erlangen, Germany) at the RCH. The scanner was equipped with the Syngo MR B17 software release, and a 32-channel receive-only head coil was used. T1-weighted MP-RAGE sequence (Magnetisation Prepared Rapid Gradient Echo) were obtained, TR = 1900 ms, TE = 2.71 ms, TI = 900 ms, FA = 9°, FoV = 256 mm, voxel size = 0.7 × 0.7 × 0.7 mm. Functional images were acquired using a T2*-weighted gradient-echo-planar imaging (EPI) sequence with 32 interleaved slices with 5% gap, voxel size = 2.6 × 2.6 × 3 mm, TR = 2400 ms, TE = 35 ms, FA = 90°, FoV = 240 mm.
Scan coding
Using a revised coding system for brain malformations (Leventer et al., 1999) , sagittal T1-and coronal T2-weighted structural MR images were qualitatively reviewed by a paediatric neurologist (RJL). Absence of the CC was classified as complete if no callosal tissue was present or partial only a part of the callosum was absent. Any associated brain anomalies were noted.
fMRI paradigm
Participants completed an adapted version of the Brown-Peterson paradigm (Brown, 1958; Peterson and Peterson, 1959) previously described in Siffredi and colleagues (2017) , presented visually during fMRI using E-prime2 (Psychology Software Tools, PST, Pittsburgh). A mixed block and event-related design allowed us to separately examine different processes of WM. The task required a combination of verbal encoding and maintenance during either verbal (within-domain) or visual (cross-domain) concurrent tasks. Each trial consisted of three parts, Fig. 1 : 1) an encoding period during which participants were presented with a series of single upper-case letters for further recall displayed sequentially in the middle of the screen at a rate of one letter per second; 2) a maintenance delay of 6 s filled with a concurrent task requiring to process either verbal or visual stimuli involving within-or cross-domain interference respectively (see below); and 3) a letter retrieval period of 3 s during which participants were presented with one single upper-case letter among one (paradigm with 2 letters to remember) or two (paradigm with 3 letters to be remembered) dashes with a question mark in the middle of the screen. Participants have to indicate as quickly and as accurately as possible whether this letter matched the letter previously seen in that serial position, by pressing the green key [left side] for yes (same letters and same order) or the red key [right side] if not. This was done to make sure that participants memorised both the item and order of information. The within-domain concurrent task was a lexical decision task. Two successive letter-strings were presented for 3 s each and required a simple motor response (i.e. press as quickly and as accurately as possible the green key if the letterstring was a word or the red one if it was a non-word). The cross-domain concurrent task was a face decision task of two successive pictures presented for 3 s each, requiring a motor responses (i.e. press as quickly and as accurately as possible the green key if a real face was presented or the red key if it was a scrambled face).
A randomised inter-trial interval of 2000, 2500, or 3000 ms was used before the next trial. Two types of blocks of 10 trials each were created: one including the within-domain concurrent task and the other including the cross-domain concurrent task. The order of presentation of these two blocks was counterbalanced across participants and repeated twice for a total of four blocks of 10 trials. Within each block, half of the probes were positive (i.e., 5 trials required a "yes or green" response) and the position of positive and negative probes were randomized within each blocks.
Because a challenge of brain imaging studies examining cognitive development is that differences in both age and task performance may influence activation patterns, the memory load in our fMRI WM paradigm was tailored to each participant. At issue is whether changes in neural activity reflect changes in functional maturation of the central nervous system, independently of behavioural efficiency, or whether they reflect changes in task performance naturally associated with increasing age (Kwon et al., 2002; Schweinsburg et al., 2005) . Therefore, in our paradigm, task difficulty was adapted to each participant by adapting the number of verbal items to remember, while keeping the protocol similar to avoid other issues related to differences in the timing and sampling of brain activity measures. Consistent with our previous study , children with a backward digit span of 5 or more were presented with 3 letters to be remembered, whereas children with a backward digit span lower than 5 had only two letters to remember. In the AgCC group, seven participants completed the 2-letters paradigm (age range = 9-17.08, M = 12.21, SD = 2.78), and two completed the 3-letters paradigm (age range = 9.67-15.58, M = 12.63, SD = 4.18). In the TD comparison group, 10 participants completed the 2-letters paradigm (age range = 8.33-16.42, M = 11.97, SD = 2.63), and six completed the 3-letters paradigm (age range = 10.92-15.08, M = 12.57, SD = 1.58). There was no significant group difference between the numbers of participants who completed the 2-letters or 3-letters versions of the paradigm (p = 0.661, Fisher's exact test).
Procedure
This study was approved by The Royal Children's Hospital Human Ethics in Research Committee. Written informed consent was obtained from the caregivers prior to participation in the study. Children completed a mock MRI scanner training protocol. They were prepared extensively for the fMRI task through training outside and inside the V. Siffredi et al. Neuropsychologia 106 (2017) 71-82 scanner. The fMRI WM paradigm was projected onto a screen at the foot of the MRI bed, and participants viewed the images from a mirror attached to the head coil. Responses were provided using an MRI compatible response box with four response buttons, which was placed centrally on the child's stomach.
Statistical analysis
2.5.1. fMRI WM paradigm behavioural data To examine differences in performance accuracy between the within-and cross-domain concurrent tasks and following retrieval, Wilcoxon signed-rank tests were performed (given that the assumption of normality was violated for the accuracy measure in all conditions in both groups as assessed by inspection of histograms and results of the Shapiro-Wilk test, ranging from p < 0.001 to p = 0.003). Group differences in performance accuracy were explored using Kruskal-Wallis tests. To examine the effect of the concurrent tasks on retrieval in the two groups, linear regressions were performed. Regression plots presenting various residual values were inspected to establish the validity of regression assumptions. Statistical analyses were performed in SPSS (IBM, Released, 2013).
Image analysis
fMRI data were preprocessed and analysed in SPM8 (Wellcome Department of Imaging Neuroscience, University College London, UK, http://www.fil.ion.ucl.ac.uk/spm/software/spm8/) implemented in Matlab R2014a. Images of each subject were spatially realigned to eliminate movement artefacts, and corrected for slice acquisition timing. As noted by Tyszka et al. (2011) , morphological differences between AgCC and TD individuals are minimal on the lateral cortical surfaces, but are pronounced around the midline and ventricles due to the absence of the CC, and the presence of Probst bundles, mesial cortical reorganisation and colpocephaly. Therefore, we created a customised template using the DARTEL algorithm following the procedure outlined by Salami et al. (2014) , which is close to the procedure used by Tyszka et al. (2011) . First, individuals' T1-weighted images were segmented into grey and white matter using the toolbox "New Segment". Secondly, a group-specific template (n = 25) was created using Exponentiated Lie Algebra (DARTEL). Grey and white matter tissue class images were imported using the normalisation parameter yielded during the segmentation step followed by resampling to isotropic voxels (1.5 × 1.5 × 1.5 mm). Then, the imported images went through and interactive procedure that began by producing an initial template as a mean of grey and white matter across all participants. Deformation from the initial template to each individual's grey and white matter images was computed and the inverse of the deformation was applied to each individual's images. A second template was created as the mean of the deformed individuals' grey and white matter images across all participants, and this procedure was repeated until a sixth template was created, Fig. 2 . Finally, the realigned and resliced fMRI images and the flow field grey matter image were nonlinearly normalised to the sample-specific template for each individual independently (voxel size of 1.9 × 1.9 × 3 mm); and affine-aligned into MNI space. These functional images were finally smoothed using a Gaussian filter of full width at half maximum = 8 mm to increase signal-to-noise ratio.
Statistical analyses were performed using a two-step process, taking into account the intra-individual and inter-individual variance (Friston et al., 1995) . First level single subject statistics were assessed by a voxel-based statistics according to the General Linear Model implemented in SPM8. Activity was analysed pooling across the correct and incorrect trials together. The onsets of each event of interest, i.e., verbal encoding, lexical decision task (within-domain concurrent task), face decision task (cross-domain concurrent task), retrieval following within-domain concurrent task, retrieval following cross-domain concurrent task, were convolved with the canonical hemodynamic response function (HRF) and used as regressors in the individual design matrix. The letter encoding period was modelled using a boxcar function of 2 or 3 s (depending of the difficulty of the task); the maintenance delay filled with one of the concurrent task was modelled using a boxcar function of 6 s; and finally, the letter retrieval period was modelled using a boxcar function of 3 s.
All six movement parameters (translation: x, y and z; rotation: pitch, roll and yaw) were included as covariates of no interest in the model. The individual statistical images from each condition were then entered group-averaged at the second level using a flexible factorial design, with a main-effect of subject and an interaction of conditions and groups. In this random-effects model, we modelled independent levels for subject and group, but dependent levels for conditions. For the three factors, we modelled unequal variances, which allows for violation of sphericity, as implemented in SPM8. In line with guidelines used in neuroimaging studies of complex cognitive functions (Lieberman and Cunningham, 2009) , whole-brain analysis was conducted with a significance threshold of p < 0.001 at the voxel level, uncorrected for multiple comparisons, and a minimum extent threshold of 20 voxels. Conjunction analysis was performed to define regions commonly activated in both groups (Friston, 1999) . Between group contrasts were conducted to define regions differentially activated in the two groups. The condition x group interaction was masked by the main effect of this same condition in one group to identify condition-specific effects for the given group. We used inclusive masks of within group contrast with an uncorrected mask p-value of 0.05 and a significance threshold of p < 0.001 at the voxel level, uncorrected for multiple comparisons, and a minimum extent threshold of 20 voxels. Anatomical location of activations was verified using SPM Anatomy toolbox (Eickhoff et al., 2005) and xjView (Cui, 2007) . In addition, results in AgCC were reviewed individually to make sure that the locations of group activations corroborate activations at the individual level.
A series of multiple regressions with retrieval accuracy as the covariate and the factor group as the regressor was conducted for the whole brain in the AgCC and the TD groups separately during encoding, retrieval following within-domain concurrent tasks and following crossdomain concurrent tasks. Similarly, multiple regressions were used to explore any association between brain activations with WM capacity measured by Digit Span Backward or IQ scores. In the AgCC group, multiple regressions were used to investigate association between brain activity and handedness or extent of agenesis (complete or partial). For these regressions, a significant threshold of p < 0.001, and a minimum extent threshold of 20 voxels was used. To explore the impact of potential covariates on the activation pattern, analyses were initially conducted without any covariates and then repeated with the following covariates: IQ scores, Digit Span Backward scores, handedness and sex.
Results
Sample characteristics
The AgCC group was similar to the TD comparison group in age (t (23) = 0.111, p = 0.312), sex (X 2 (1, n = 25) = 2.71, p = 0.1) and Digit Span Backward standard scores (t(23) = −1.43, p = 0.17), Table 1 . Six children had complete AgCC, and three had partial AgCC, Table 2 . Six of the nine children with AgCC and all TD children were right-handed. Full-Scale IQ was significantly lower in the AgCC than the TD group (t(10.17) = −4.05, p = 0.002).
fMRI WM paradigm -behavioural findings
Percentages of correct trials (i.e., accuracy) were calculated for the different conditions, Fig. 3 . For the concurrent tasks, accuracy was similar on the cross-domain and within-domain tasks for the total sample (Ws = 121.5, z = 1.59, p = 0.113), the AgCC group (Ws = 29.5, z = 1.62, p = 0.106) and the TD group (Ws = 33, z = 0.58, p = 0.565). On the within-domain concurrent task, the AgCC group performed less accurately than the TD group (H(1) = 5.86, p = 0.015) but similar to the TD group on the cross-domain concurrent task (H(1) = 0.13, p = 0.716). For the retrieval period, retrieval accuracy was similar after the cross-domain concurrent task and within-domain concurrent task in the total sample (Ws = 103, z = 0.78, p = 0.439), the AgCC group (Ws = 18.5, z = 0.071, p = 0.943) and the TD group (Ws = 36.5, z = 0.93, p = 0.352). The AgCC group performed similar to the TD group differences in retrieval accuracy after the cross-domain (H(1) = 2.33, p = 0.127) or within-domain (H(1) = 1.45, p = 0.229) concurrent task. Performance on the concurrent task did not predict performance on the retrieval period in the total sample (F(1;1198) = 2.35, p = 0.126), in the AgCC group (F(1;518) = 0.491, p = 0.484) or the TD group (F (1;678) = 2.74, p = 0.98). There was no significant association between age and performance accuracy for the different tasks in the AgCC group or the TD group (r ranging from −0.126 to 0.493). Fig. 2 . Creation of a customised template using DARTEL: (a) Mean T1-weighted image of the AgCC group; (b) Mean T1-weighted image of the TD comparison group; (c) Customised template created using DARTEL based on structural images from the total sample of AgCC and TD children (6 iterations). 
Activations during encoding vs. retrieval
We first compared activations shared for the AgCC group with the TD comparison group during encoding compared to the retrieval period using a conjunction analysis, which revealed large occipital and frontal activations bilaterally. Group comparisons identified some differences in the pattern of activations in these regions. Specifically, the AgCC group showed increased right-lateralised activations in occipital regions, prefrontal ventrolateral regions (BA 44 and 47) and superior temporal regions (limits of BA 40), while the TD group showed amplified activation in bilateral lingual and inferior occipital regions, Tables 3, 4, Figs. 4A and 5.
For the retrieval compared to the encoding period, conjunction analyses showed shared activations across the AgCC and TD groups in bilateral frontal areas (middle and inferior) and anterior cingulate, as well as temporo-parietal cortex (angular and middle temporal) and occipito-parietal cortex (angular, middle occipital, cuneus and precuneus). Group comparisons again identified some differences in the pattern of activations in these regions. Specifically, the AgCC showed a small significant left-lateralised activation in the posterior cingulate gyrus and the TD group showed right-lateralised activation in ventrolateral prefrontal, middle and superior temporal, and calcarine regions, as well as a left-lateralised activity in supramarginal regions, Fig. 4B .
Activations during concurrent tasks (within-domain vs. crossdomain)
Conjunction analyses for activations during the lexical decision concurrent task (within-domain) compared to the face decision concurrent task (cross-domain) revealed no significant similarities between the AgCC and TD groups. Group comparisons indicated increased activity in the AgCC group in the right fusiform cortex, as well as bilateral orbital (BA10) and ventrolateral (BA45) prefrontal areas, plus a small cluster in the left middle temporal gyrus. In TD children, differential activations were found in left anterior cingulate regions, Tables 3, 4, Fig. 4C .
For the face decision concurrent task (cross-domain) compared to the lexical decision concurrent task (within-domain), conjunction analyses showed shared activations across the AgCC and TD groups in bilateral occipital and inferior temporal areas. Group comparisons revealed differential increases in anterior cingulate regions in the AgCC group, while the TD group showed significantly stronger activity in a large right-lateralised fusiform cluster, overlapping with reported location for the right occipital face area (Minnebusch et al., 2009) , as well as smaller increases in prefrontal (BA10), temporal, and subcortical areas, Fig. 4D .
Activations during retrieval following within-domain vs. crossdomain concurrent tasks
Finally, we tested whether the nature of the concurrent task during the maintenance interval produced different activations during the retrieval period, and whether these effects differed between groups. For retrieval following within-domain (lexical decision) compared to retrieval following cross-domain concurrent task (face decision), conjunction analyses showed shared activations across the AgCC and TD groups in large occipital areas. Group comparisons identified some differences in the pattern of activations in these regions. The AgCC group showed increases in the right calcarine and left precuneus, while the TD group showed a large increase in right occipito-temporal regions (middle occipital, fusiform, and inferior temporal). Notably, the TD group also showed differential increases in the right dorsolateral prefrontal cortex, Tables 3, 4, Fig. 4E .
Conversely, for retrieval after the cross-domain concurrent task (face decision), conjunction analyses revealed shared activations across the AgCC and TD groups in small bilateral medial frontal regions. Group comparisons revealed more anterior activations in prefrontal areas (right dorsolateral and cingulate) for the AgCC group, and significant increase in bilateral posterior areas (occipital cortex and precuneus) for the TD group, Fig. 4F .
Association between fMRI activations and fMRI task performance, cognitive scores, extent of agenesis, and handedness
To test for any systematic modulation of brain activation patterns by individual factors, we performed additional exploratory whole-brain analysis using a parametric regression design in SPM with covariates of interest reflecting several potentially relevant differences in participants with AgCC compared with the TD group (with a significance threshold of p < 0.001 and a minimum extent threshold of 20 voxels). For both the AgCC and TD groups, we observed no significant associations between brain activations during either encoding or retrieval with WM retrieval accuracy during fMRI, nor with IQ or verbal WM scores from neuropsychological tests. Furthermore, in the AgCC group, no significant association was observed with the extent of callosal agenesis (complete versus partial) or handedness.
Discussion
This study aimed to investigate the functional organisation of WM in children with AgCC using fMRI. The few previous functional imaging studies in individuals with AgCC have largely focused on activations in response to simple motor (Lum et al., 2011) or sensory stimuli (e.g., Fig. 3 . Percent of accurate performances on the fMRI WM paradigm conditions for the AgCC and TD groups. * Significant group differences, p < 0.05.
V. Siffredi et al. Neuropsychologia 106 (2017) 71-82 Duquette et al., 2008; Paiement et al., 2010) , language lateralisation (e.g., Pelletier et al., 2011) or emotionally laden information (Lungu and Stip, 2012) . To our knowledge, this is the first study to explore brain activity related to WM in this population. Understanding WM functioning in children with AgCC is crucial as WM might be an important contributor to difficulties in everyday activities, including academic achievement (e.g., Alloway et al., 2009; Gathercole et al., 2004) . Although children with AgCC have a major abnormality of early brain development, they recruited globally similar regions as our comparison group of TD children during both the encoding and retrieval phases of our verbal WM paradigm. Nevertheless, group differences in activation patterns were observed. These findings did not depend on the fMRI task performance, IQ or WM scores in either of the AgCC or TD groups, or handedness and extent of agenesis (complete or partial) in children with AgCC.
Verbal encoding and retrieval
During verbal encoding compared to retrieval, both AgCC and TD children recruited widespread visual areas bilaterally, consistent with their role in perceptual shape analysis, including those involved in letter processing (Flowers et al., 2004; Garrett et al., 2000) . There were, however, group differences in the pattern of occipital regions, with larger right-lateralised increased activations in children with AgCC but greater left-lateralised activations in the TD group. These differences presumably reflect less visual word form than letter specific processing in AgCC compared to TD children, conversely to the typical lateralisation of the "visual word form area" (Cohen et al., 2000) . This might point to differential hemispheric dominance patterns in visual cortical areas in AgCC, subsequent to atypical interhemispheric interactions. In addition to occipital activations, both groups recruited large bilateral frontal areas during encoding (anterior cingulate, ventrolateral, and precentral). These findings corroborate previous results showing involvement of these regions during encoding and maintenance of different kinds of information in WM and long-term memory (Axmacher et al., 2009; Chein and Fiez, 2001; Rastle et al., 2002) .
During retrieval compared to encoding, activations were observed in AgCC as well as the TD children in extensive bilateral fronto-and parieto-temporal regions. These findings are consistent with previous studies showing involvement of frontal-parietal regions (dorsolateral prefrontal, anterior cingulate, and parietal angular regions) in attention and executive control systems during WM, especially during retrieval of information (Crone et Coordinates are given in MNI space. x, y, z coordinates refer to voxels with highest statistical significance within a cluster (location of peak coordinate). Analyses conducted with and without covariates (i.e., IQ scores, Digit Span Backwards scores, sex and handedness) showed very similar pattern of activations but at a much smaller threshold in general when the covariates were added to the model. Therefore, clusters reaching the significant threshold of p < 0.001, and a minimum extent threshold of 20 voxels when the covariates were added to the model, are marked with a sign *.
2007). Group differences were observed, however, in the extent of these activations, with reduced right-lateralised activations in lateral prefrontal and temporal areas for children with AgCC compared to TD children. In healthy individuals, recruitment of ventrolateral prefrontal regions is commonly associated with the active retrieval of information (Petrides et al., 2002; Wager et al., 2014) . Right-predominant activation observed in our comparison group of TD children during retrieval is also consistent with the Hemispheric Asymmetry Encoding-Retrieval (HERA) model (Habib et al., 2003; Nyberg et al., 1996) . Such hemispheric specialisation might be less present in AgCC children. The AgCC group also differentially activated the left posterior cingulate cortex during retrieval, a region recognised to play a central role in episodic memory retrieval and monitoring task outcome (Heilbronner and Platt, 2013; Leech and Sharp, 2014) . In contrast, the TD group differentially Coordinates are given in MNI space. x, y, z coordinates refer to the voxels with highest statistical significance within a cluster (location of the peak coordinate). Analyses conducted with and without covariates (i.e., IQ scores, Digit Span Backwards scores, sex and handedness) showed very similar pattern of activations but at a much smaller threshold in general when the covariates were added to the model. Therefore, clusters reaching the significant threshold of p < 0.001, and a minimum extent threshold of 20 voxels when the covariates were added to the model, are marked with a sign *.
recruited the left-lateralised supramarginal region, implicated in language processing (Hartwigsen et al., 2010; Stoeckel et al., 2009) , indicating that they could more efficiently recruit regions specialised in the retrieval of verbal information. This could possibly reflect the use of different retrieval strategies in the two groups. Together, our findings highlight important similarities in brain activation for children with AgCC and their TD peers, with bilateral occipito-frontal activity during verbal encoding, and involvement of bilateral fronto-parietal executive control network during retrieval. Nevertheless, group differences in activation patterns were observed that presumably reflect different hemispheric lateralisation as well as different cognitive strategies to encode and retrieve verbal information. Overall, children with AgCC seemed less able to engage lateralised brain systems specialised for particular memory material (e.g. verbal) and particular memory process (encoding and retrieval) compared to their TD peers.
Consequences of the nature of the concurrent tasks on maintenance and retrieval
We investigated the impact of the nature of the concurrent tasks (verbal versus visual) on maintenance and retrieval of verbal information. According to the influential model of Baddeley (Baddeley and Hitch, 1974; Baddeley, 1986; Baddeley et al., 2011) , maintenance of information involves separate and domain-specific systems: a phonological loop for verbal information and a visuospatial sketchpad for visuospatial information. Thus, processing irrelevant verbal information should produce greater interference on verbal maintenance because verbal processing would mobilise the phonological loop, thus impeding the rehearsal process in charge of verbal maintenance. In contrast, processing visuospatial information should involve the visuospatial sketchpad and thus have a reduced effect on verbal maintenance and retrieval. For retrieval performance, our behavioural results did not identify any difference between the within-and crossdomain conditions or between the AgCC and TD groups. Nevertheless, weaker within-domain concurrent task performance (lexical decision) was observed in children with AgCC, suggesting that they were less able to deal with verbal material or resist competition between the verbal encoded items and verbal concurrent items.
During the maintenance interval for the within-domain concurrent task, there was no evidence of similarities in regions activation for the AgCC and TD groups, suggesting different processing of verbal material during maintenance. For the cross-domain concurrent task, only small bilateral occipital clusters were commonly activated in the two groups, in line with the visual shape processing demands of this condition (face decision task). Moreover, differences in processing concurrent stimuli during maintenance were reflected by distinct activation patterns in right extrastriate visual areas and anterior cingulate cortex.
A region in the right fusiform area showed greater activation during the word lexical decision task in children with AgCC, while in the TD children greater activation was observed in this region during the face decision task, as typically reported in healthy populations (Minnebusch et al., 2009 ). This again suggests atypical hemispheric lateralisation of word and face processing in AgCC individuals (as also observed during the encoding period). Anterior cingulate responses further pointed to a different impact of verbal and visual interference during maintenance in the AgCC compared with TD children. Children with AgCC demonstrated increased activations in this region during the cross-domain concurrent task. Conversely, in TD children, we observed greater recruitment of this region during within-domain concurrence, in accordance with higher conflict for processing resources in this condition and its well-known role in the management of conflict and competition for cognitive resources (Badre and Wagner, 2004; van Veen et al., 2001) . It is possible that children with AgCC present differential susceptibility to interference.
In keeping with these differences in brain activity during the maintenance interval, activity during retrieval was also influenced by the nature of the preceding concurrent task. Retrieval following withindomain concurrent task (verbal) elicited large bilateral occipital activations in AgCC as well as TD children. These results suggest greater reliance on visual information when retrieval of letters takes place after distraction by verbal material (i.e., within-domain concurrent task). In contrast, retrieval after cross-domain interference (visual) elicited medial frontal activations in AgCC as well as TD children, consistent with a role of this region in decision and response selection processes (Harrington et al., 2010) . Furthermore, retrieval periods after withinand cross-domain interference showed group difference in activations in the right dorsolateral prefrontal cortex. This region, implicated in executive control and WM (Ciesielski et al., 2006) , was more strongly recruited in children with AgCC during retrieval after the cross-domain task; whereas TD children recruited this region more during retrieval after the within-domain concurrent task (i.e., condition with higher competition for resources), presumably reflecting different degrees of conflict produced by verbal and visual material during maintenance in AgCC and TD groups. Right prefrontal activation in the TD group corroborates expectation of the model of Baddeley (Baddeley, 1996) , i.e., increased executive control in the context of high competition for resources when a verbal concurrent task interferes with to-be remembered verbal items. This was not the case in children with AgCC, which might reflect the use of different cognitive strategies in this group, and possibly less segregated processing of verbal and visual material during the concurrent task, leading to distinct patterns of activation in executive regions during retrieval. This interpretation also accords with our finding of larger and right-predominant occipital activations in TD children after the cross-domain concurrent task, presumably reflecting more efficient retrieval of encoded information due to weaker processing competition with the concurrent tasks in the maintenance interval.
In summary, children with AgCC demonstrated similar activation to TD children in primary occipital areas during the cross-domain concurrent task and retrieval after within-domain concurrent task. However significant group differences in activation patterns were observed in associative visual areas and executive prefrontal regions, which might reflect different susceptibility to interference by the concurrent tasks and different cognitive strategies engaged to cope with competition in processing resources for AgCC compared with TD children. These differences could reflect different degrees of hemispheric lateralisation with AgCC children who seemed less able to recruit specialised brain systems during maintenance and thus differentially resist to verbal and visual interference during WM.
Potential study limitations
A limitation of our fMRI study is the relatively small sample of children with AgCC. Nevertheless, functional neuroimaging studies in this population are sparse, and their sample size is usually smaller than in the present study and include a much wider age range of participants (e.g., Lum et al., 2011; Quigley et al., 2003; Riecker et al., 2007) . Increasing the sample size would allow a more systematic and representative comparison of AgCC with TD children, which would require a multi-centre approach. Another challenge in studying this brain malformation is the high heterogeneity of both clinical and anatomical presentations. A larger sample size would thus also allow for more thorough examination of the role of specific factors within the AgCC population, such as complete versus partial agenesis, as well as more thorough investigation of the potential impact of additional neuroanatomical and genetics factors. As extra-callosal anomalies are frequent, if not systematic, in AgCC (e.g. large ventricles or cingulate gyrus alteration), these might contribute to group differences not only in brain activation patterns but also in cognitive outcomes. Again, a larger sample size might help to disentangle these factors more clearly. Another possible limitation concerns the interpretation of localisation of functional activations in the AgCC group. First, a customised anatomical brain template was created using DARTEL, but, again, a bigger sample size might allow for a more representative and reliable template. Second, even though activation sites seen on each individual's anatomy showed high consistency with the anatomical localisation of functional activations observed at the group level, group differences in anatomo-functional organisation cannot be completely excluded, especially for areas around the midline such as the anterior cingulate cortex. From a clinical perspective, the inherent heterogeneity in our sample of AgCC children is an important advantage of our study because it gives a representative picture of the AgCC population, including higher and lower functioning individuals rather than focusing on isolated AgCC as most previous studies have.
Conclusion and implications
Our study reveals globally similar regions of activation for AgCC and TD children demonstrating that the functional brain architecture may develop in a relatively typical way despite the absence or partial absence of the corpus callosum. To some extent, many areas in visual and fronto-parietal networks were found to exhibit normal functional specificity during our WM task, independent of callosal agenesis. Alternative neural pathways for intra-hemispheric and/or inter-hemispheric transfer might compensate for the developmental absence of the corpus callosum. Interestingly, however, differences in activations were observed that suggest the use of different cognitive strategies during WM tasks in AgCC and TD children, with different degrees of hemispheric lateralisation during the processing of concurrent material and distinctive patterns of brain activity during subsequent retrieval. These differences in brain activation patterns for AgCC and TD children were found despite similar retrieval performance overall. Our results will need to be confirmed and extended with further behavioural and neuroimaging testing, but give novel insight into possible ways to promote and improve WM capacity in children with AgCC. Considering the crucial role of WM in cognitive development, more effective implementation of targeted WM interventions could enhance the everyday functioning of individuals with AgCC. In addition, beyond WM, other cognitive functions might be differentially susceptible to functional integration of information and processing competition in widespread networks across the two hemispheres, and therefore more sensitive to absence of the corpus callosum, such as social or mathematics abilities.
In conclusion, individuals with AgCC and other early brain malformations present an exceptional opportunity to study the capacity and limits of brain plasticity and compensation mechanisms during development. This study provides a first step towards better understanding functional brain systems underlying higher cognitive functions in children with AgCC (apart from language functions). We report a WM paradigm that children with AgCC could successfully complete in the scanner, with overall performance controlled to be comparable to TD individuals across a wide age range. We showed that AgCC children recruit globally similar brain regions as their TD peers during encoding and retrieval periods of a WM task, despite marked differences in brain development. Our findings also highlight notable differences in brain activation patterns for AgCC compared TD children that might reflect different cognitive and executive strategies during the WM task, which are likely to be associated with different hemispheric lateralisation of memory material and processes. These activation patterns were stable across children with complete and partial agenesis, left and right handed children with AgCC, as well as stable across differences in behavioural WM performance and IQ in both groups, Further studies are needed to better understand how functional and structural connectivity may contribute to determine to brain plasticity in this atypically developing brain condition, and how these factors contribute to cognitive abilities and daily functioning during childhood and adolescence.
